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Perspective Cues Make Eye-specific Contributions
to 3-D Motion Perception
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Abstract

W Robust 3-D visual perception is achieved by integrating ste-
reoscopic and perspective cues. The canonical model describ-
ing the integration of these cues assumes that perspective
signals sensed by the left and right eyes are indiscriminately
pooled into a single representation that contributes to percep-
tion. Here, we show that this model fails to account for 3-D mo-
tion perception. We measured the sensitivity of male macaque
monkeys to 3-D motion signaled by left-eye perspective cues,
right-eye perspective cues, stereoscopic cues, and all three cues
combined. The monkeys exhibited idiosyncratic differences in
their biases and sensitivities for each cue, including left- and
right-eye perspective cues, suggesting that the signals undergo
at least partially separate neural processing. Importantly, sensi-
tivity to combined cue stimuli was greater than predicted by the

INTRODUCTION

To resolve sensory ambiguities and improve sensitivity, the
brain integrates different cues within and across modalities
(Dakin & Rosenberg, 2018; Rohde, van Dam, & Ernst, 2016;
Seilheimer, Rosenberg, & Angelaki, 2014; Landy, Banks, &
Knill, 2011). For example, transforming 2-D retinal images
into 3-D percepts that can guide behaviors such as catching
a frisbee involves the integration of perspective and stereo-
scopic cues (Chang, Thompson, et al., 2020; Thompson, Ji,
Rokers, & Rosenberg, 2019; Rokers, Fulvio, Pillow, &
Cooper, 2018; Hillis, Watt, Landy, & Banks, 2004; Knill &
Saunders, 2003). Perspective cues originate from the pro-
jection of the 3-D world onto the 2-D retinae (Knill, 1998;
Stevens, 1981). Stereoscopic cues are based on differences
between the left and right retinal images (Howard &
Rogers, 1995). Ideal observer models provide a framework
for describing how such cues are integrated to yield coher-
ent percepts (Landy et al., 2011).

These models widely assume that separate cues support
the creation of independent sensory estimates by distinct
neuronal populations with predominantly different noise
sources (Seilheimer et al., 2014; Ma, Beck, Latham, &
Pouget, 2006). This assumption likely holds more across
sensory modalities than within modalities, particularly if
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canonical model, which previous studies found to account for
the perception of 3-D orientation in both humans and mon-
keys. Instead, 3-D motion sensitivity was best explained by a
model in which stereoscopic cues were integrated with left-
and right-eye perspective cues whose representations were at
least partially independent. These results indicate that the inte-
gration of perspective and stereoscopic cues is a shared compu-
tational strategy across 3-D processing domains. However, they
also reveal a fundamental difference in how left- and right-eye
perspective signals are represented for 3-D orientation versus
motion perception. This difference results in more effective
use of available sensory information in the processing of 3-D
motion than orientation and may reflect the temporal urgency
of avoiding and intercepting moving objects. i

the same neurons extract stimulus features from separate
cues. Such nonindependence in sensory processing is
information limiting and therefore restricts the perceptual
gains of cue integration (Chang, Thompson, et al., 2020;
Fulvio, Ji, Thompson, Rosenberg, & Rokers, 2020; Orug,
Maloney, & Landy, 2003). Previous studies suggest that
3-D object orientation estimates based on perspective
and stereoscopic cues are effectively independent. That
work further suggests that perspective cues from the
left and right eyes are indiscriminately pooled, despite them
being distinct because of the horizontal offset between the
eyes (Chang, Thompson, et al., 2020; Hillis et al., 2004;
Knill & Saunders, 2003). If the two eyes’ perspective cues
instead made (partially or fully) independent contributions
to orientation perception, then perceptual sensitivity to
stimuli containing both cues would be greater than
observed. Thus, to account for why 3-D orientation sensi-
tivity is not maximized, the canonical model of 3-D cue
integration includes a lack of independence between the
left- and right-eye perspective cue representations.

Here, we sought to test if such information-limiting
processes are a general property of cue integration when
the same cue type is detected by multiple corresponding
sensors (e.g., the two eyes, ears, or hands) by extending
that work to the domain of 3-D motion processing.
Humans can successfully judge the direction of 3-D
motion based on perspective and stereoscopic cues,
but efforts to assess cue integration have had limited
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success (Fulvio et al., 2020; Thompson et al., 2019). To
overcome this challenge, we collected large within-
subject data sets from two macaque monkeys that were
well trained to discriminate toward versus away motion.
Across conditions, the direction of motion was either sig-
naled by a single cue type (left-eye perspective, right-eye
perspective, or stereoscopic cues) or all three cues. The
motion coherence was varied to estimate biases and
sensitivities.

In contrast to previous 3-D orientation perception re-
sults, we found that sensitivity to 3-D motion was greater
than predicted by the canonical cue integration model.
Instead, 3-D motion sensitivities were best explained if
left- and right-eye perspective cues made at least partially
independent contributions to perception. Thus, although
both sensory domains integrate perspective and stereo-
scopic cues, they differ in how left- and right-eye per-
spective signals are represented. For 3-D motion, the
ocular identity of perspective cues from the two eyes
remains at least partially preserved (indicating greater
independence than in the orientation domain). This
allows perspective cues from both eyes to be exploited
to achieve greater motion sensitivity through cue integra-
tion than has been observed for 3-D orientation processing.
This more effective use of available sensory information for
3-D motion processing may be related to the relevance and
temporal urgency of avoiding and intercepting moving
objects. These differences in 3-D orientation and motion
processing reveal that neurocomputational processes,
which impose information-limiting constraints on cue
integration, are domain specific and imply novel factors that
can shape perception in binocular vision, audition, and
bimanual touch.

METHODS
Animal Preparation

All surgeries and experimental procedures were approved
by the Institutional Animal Care and Use Committee at the
University of Wisconsin-Madison and were in accordance
with National Institutes of Health guidelines. Given previ-
ous challenges in assessing 3-D motion cue integration
and standard practices in the field, we prioritized obtain-
ing a large number of samples from two male rhesus
monkeys (Macaca mulatta; Monkey J: 6.2 years of age,
7.6 kg in weight; Monkey C: 5.8 years of age, 7.5 kg).
Neither monkey previously participated in any other
study. A Delrin ring for stabilizing the head during
experiments was attached to the skull under general anes-
thesia (Chang, Doudlah, et al., 2020; Chang, Thompson,
et al., 2020; Rosenberg, Cowan, & Angelaki, 2013). After
recovery, the monkeys were trained to sit in a primate
chair and to fixate visual targets within 2° version and 1°
vergence windows for liquid reward. Eye positions were
monitored optically at 1000 Hz (EyeLink 1000 plus, SR
Research).

Behavioral Control and Stimulus Presentation

Experimental control was performed using the open-
source REC-GUI system (RRID:SCR_019008; Kim et al.,
2019). Stimuli were presented on a 24-in. Acer GN246HL
LED monitor (1920 X 1080 pixels, 120 Hz) at a viewing
distance of 57 cm. Stereoscopic presentation was achieved
by temporally interlacing left- and right-eye images using
an NVIDIA 3-D Vision 2 wireless glasses kit. We modified
the glasses for a macaque interocular distance. The cross-
talk (averaged across eyes) when the maximum or mini-
mum stimulus luminance was presented to the “closed”
eye and the background was presented to the “open”
eye was low: 1.85% and 0.88%, respectively (Woods,
2012). The stimuli were created in MATLAB R2015a using
Psychtoolbox 3 (Kleiner et al., 2007) and rendered with
anti-aliasing using an NVIDIA Quadro K4000 graphics card
on a Windows 7 workstation.

Visual Stimuli

The stimuli depicted motion toward or away from the
midpoint between the monkey’s eyes, commonly referred
to as the “cyclopean eye.” Twenty-two dots, 11 light
(23.70 cd/m?) and 11 dark (0.09 cd/m?), were initialized
with pseudorandom positions within a 3-D volume. The
volume was oriented toward the cyclopean eye, spanned
+1° of horizontal disparity (42.5 cm depth range), and cor-
responded to a 3° diameter circular aperture on the screen
(Figure 1A). The background was gray (8.45 cd/m?).
Stimuli were presented at 25 locations ina 5 X 5 grid
centered on the cyclopean eye. The grid spacing was
3.42° horizontal and 3.19° vertical. All tested visual field
locations were less eccentric than the blind spot, which
is found on the horizontal meridian at an eccentricity of
~15°-17° in macaques (Komatsu, Kinoshita, & Murakami,
2002). Four stimulus conditions were included.

In the combined cue condition, the direction of mo-
tion was signaled by perspective and stereoscopic cues
(Figure 1B, top; Supplemental Movie: https://osf.io
/8wxk7/). The perspective cues included optic flow and
changes in retinal density and size. Because of the hori-
zontal offset of the eyes, the optic flow patterns for each
eye had foci of expansion/contraction that were offset in
opposite directions on the screen (Thompson et al.,
2019; Cormack, Czuba, Knoll, & Huk, 2017). Thus, the
perspective cues were eye specific, and the left- and
right-eye images had opposite net horizontal motion
directions. At the nearest depth, a dot subtended 0.18°.
At the depth of fixation (57 cm), a dot subtended 0.1°. At
the farthest depth, a dot subtended 0.04°. Across depth,
the average dot size was 0.107°. The stereoscopic cues
included changing disparity and interocular velocity dif-
ferences, both of which contribute to 3-D motion percep-
tion (Allen, Haun, Hanley, Green, & Rokers, 2015;
Rokers, Czuba, Cormack, & Huk, 2011; Nefs, O’'Hare, &
Harris, 2010; Brooks, 2002; Shioiri, Saisho, & Yaguchi,
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Figure 1. Stimuli and
experimental design. (A) The A

B Screen-Projected Vector Fields

stimuli depicted dots that
moved toward or away from
the cyclopean eye. Toward
trajectories are illustrated for
three different visual field
locations. The dots were
confined to a volume spanning
+1° of horizontal disparity

(a depth range of 42.5 cm at the
57 cm viewing distance), which
corresponded to a 3° diameter

Example Stimulus Locations

for Each Cue Condition

Left Eye Perspective
Net Direction: s

circular aperture on the screen.
The red dot at the center of the
middle location represents C
the fixation target. For clarity,
the stimuli shown here are
reductive. Actual examples are
shown in a Supplemental Movie
(https://ostf.io/8wxk7/). (B) The
four cue conditions illustrated

Fixation

Discrimination Task

Right Eye Perspective
Net Direction: <=

| Saccade Stereoscopic
L]

300 msec Stimulus

as screen-projected vector fields
1000 msec

for toward motion. Combined
cue stimuli contained left-eye

Delay

250-1500 msec Choice

(blue) and right-eye (green) Time

—>

perspective cues as well as

stereoscopic cues. Perspective cue stimuli were monocular presentations of the combined cue stimuli. Left- and right-eye perspective cues had equal
and opposite net 2-D horizontal motions. Stereoscopic cue stimuli consisted of dot pairs that horizontally translated in opposite directions in the two
eyes. The screen projections are reflected compared with the retinal projections in A because of the optics of the eyes. (C) Discrimination task. The
direction of motion (toward or away) was indicated by a saccade (black arrow) to one of two choice targets (lower or upper, respectively).

2000). At all visual field locations, the average retinal
speed of the dots was 4.38°/sec = 1.0°/sec standard devi-
ation (SD).

In the two perspective cue conditions (one for each
eye), the appropriate half-images of combined cue stim-
uli were presented to a single eye (Figure 1B, middle two
panels; Supplemental Movie: https://osf.io/8wxk7/). Both
eyes saw the fixation target. In the stereoscopic cue con-
dition, the stimuli were rendered using orthographic pro-
jection and had a fixed dot size (0.1°) to eliminate any
perspective cues that could signal 3-D motion (Fulvio
et al., 2020; Thompson et al., 2019; Figure 1B, bottom;
Supplemental Movie: https://osf.io/8wxk7/). Following
previous work (Chang, Thompson, et al., 2020; Fulvio
et al., 2020; Thompson et al., 2019), the dot size in the
stereoscopic cue condition was set equal to the dot size
in the other conditions at the depth of fixation and was
minimally different from the average dot size. The
change in disparity over time was equated in the com-
bined cue and stereoscopic cue conditions. As such,
the left- and right-eye dot pairs translated horizontally
at equal and opposite speeds (4.2°/sec at all visual field
locations). Because the change in disparity over time
was equated across conditions, there was a small differ-
ence in retinal speed (0.18°/sec) between the stereoscopic
cue stimuli and the average speed of the other stimuli.
However, at these speeds, the difference would have
little-to-no impact on 3-D motion sensitivity (Cooper,
van Ginkel, & Rokers, 2016). Moreover, the difference is
substantially smaller than the speed tuning bandwidths
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of middle temporal (MT) area neurons (Priebe, Lisberger,
& Movshon, 2006; Nover, Anderson, & DeAngelis, 2005),
which likely contribute to the computation of 3-D motion.
Importantly, the rank order of observed cue sensitivities
was monkey specific (e.g., Monkey J’s averaged single-cue
sensitivities ranked greatest to least were stereoscopic cues,
left-eye perspective cues, and right-eye perspective cues;
see Figure 3), further indicating that this small difference
in stimulus speeds could not account for cue-related
differences in 3-D motion sensitivity. Because 3-D trajec-
tories in which the direction of motion is toward or away
from the cyclopean eye produce 2-D retinal motion
patterns that are balanced (i.e., equal and opposite) in
the two eyes, the net horizontal motions of the combined
cue stimuli were consistent with the stereoscopic cue
stimuli.

Seven motion coherences were used. Signal dots moved
toward or away from the monkey, whereas noise dots were
reassigned to pseudorandom positions within the volume.
The proportion of signal to noise dots was: 0, 0.09, 0.18,
0.36, 0.45, 0.64, and 1 (0/22, 2/22, 4/22, 8/22, 10/22, 14/22,
and 22/22 signal/total dots, respectively). To discourage
the tracking of individual dots, on each stereoscopic frame
pair (i.e., every 0.017 sec) each dot was pseudorandomly
selected to be either a signal or noise dot (Fulvio et al,,
2020; Thompson et al., 2019).

To encourage the monkeys to judge the 3-D direction
of motion, we used a cloud of dots rather than a plane.
With a plane, the monkeys could potentially judge where
the stimulus ended (or was most recently) relative to the
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fixation plane. To conserve the number of dots on the
screen at all times, dots that exited the front or back of
the volume wrapped to the opposite side. With a plane,
such wrapping creates a strong apparent 3-D motion
signal in the undesired direction. A dot cloud reduces
this effect because the dots wrap at different times. To
further reduce apparent motion in the undesired direc-
tion, the dots were given new pseudorandom (x, y) loca-
tions and inverted polarity (e.g., a dark dot became light)
when they wrapped. For toward motion in the combined
cue and perspective cue conditions, dots can potentially
exit the volume at any depth because of the expanding
optic flow pattern. This would create uncontrolled motion
noise that would be unmatched across cue conditions.
Moreover, depending on the procedure for assigning
where the dots are redrawn, this could cause density
gradients to form during a trial that, if detected, would
reveal the direction of motion (e.g., this would occur if
exiting dots were always redrawn at the back of the
volume). To eliminate these confounds, all dots were
pseudorandomly selected from a large bank (z = 10,000)
of precomputed trajectories that traversed the full volume
without exiting the aperture prematurely. Importantly, this
ensured that the dot disparities were uniformly distributed
throughout the volume for the entire stimulus duration
regardless of the motion direction. Thus, it was not
possible to perform the task based on the distribution of
static disparities, dot sizes, or dot density on the screen.

Discrimination Task

Each trial proceeded as follows (Figure 1C). First, the
monkey acquired fixation on a red circular target (0.28°,
4.45 cd/m?), which was located at the center of the screen
and aligned with the cyclopean eye. After 300 msec of fixa-
tion, a stimulus was presented for 1 sec while fixation was
maintained. To discourage the animals from anticipating
the end of the trial, the fixation target then remained for a
pseudorandom duration between 250 msec and 1.5 sec
selected from a truncated exponential growth function
(mean = 1.1 sec; Chang, Thompson, et al., 2020; Kiani,
Hanks, & Shadlen, 2008; Roitman & Shadlen, 2002). The fix-
ation target then disappeared, and two red choice targets
(each 0.28°, 4.45 cd/m?) appeared 7.4° above/below the
fixation target. The direction of motion was indicated as
“toward” or “away” by making a saccade to the lower or
upper target, respectively. A liquid reward was given for
correct responses. Responses to 0% coherence trials were
rewarded pseudorandomly with 50% probability. The
intertrial interval was 1.5 sec. A trial was aborted without
reward if fixation was broken before the appearance of the
choice targets or if a choice was not made within 500 msec.

Task Training and Experimental Procedure

Task training began with combined cue stimuli at full co-
herence, centered on the fixation target. Initially, only the

correct choice target was presented. The distractor target
was slowly introduced by increasing its contrast (Chang,
Doudlah, et al., 2020; Chang, Thompson, et al., 2020).
After an accuracy of ~90% was reached with full distractor
contrast, the three single-cue conditions at full coherence
were introduced simultaneously. After an accuracy of
~90% was reached for each of these conditions, lower
motion coherence levels were sequentially introduced
for all of the cue conditions simultaneously. After all co-
herences were included, we trained at each grid location
until sensitivity stabilized. The total training period, in-
cluding chair, fixation, and task training, was ~1 year
per monkey. Data collection then began.

In each experimental session, a visual field location was
pseudorandomly selected from the 25 grid positions
(Figure 2). Stimuli were pseudorandomly presented in
a block structure. A block included one completed trial
for each combination of cue condition and directionally
signed motion coherence (4 X 13 = 52 stimuli). Data col-
lection continued until sensitivity estimates converged
for all cue conditions and visual field locations, such that
the addition of the three most recent blocks impacted
sensitivity estimates by <5%. The average number of
completed trials at each location was 2871 (SD = 1107)
for Monkey J (71,785 trials total) and 3802 (SD = 1734)
for Monkey C (95,053 trials total).

Data Analysis
Bebhavioral Performance

Performance was quantified for each cue condition and
location. The proportion of “toward” responses was cal-
culated as a function of the directionally signed motion
coherence. The Psignifit toolbox was used to fit a cumu-
lative Gaussian to each case (Wichmann & Hill, 2001):

glx) = % [1 + erf (’;\_ﬁ“ﬂ ®

Here, g(x) is a cumulative Gaussian, x is the direc-
tionally signed motion coherence, p is the response bias,
and 1 is the sensitivity.

Cue Integration

The integration of left-eye perspective cues, right-eye
perspective cues, and stereoscopic cues was evaluated
using cue integration theory, incorporating the possi-
bility that the neural representations of the cues were
not independent (Chang, Thompson, et al., 2020; Fulvio
et al., 2020; Orug et al., 2003). All fitting was performed
using nonlinear least squares regression (Isqnonlin in
MATLAB). Four physiologically plausible models were
tested.

Model 1. The “two-cue” model assumed that perspec-
tive cues and stereoscopic cues are independent and that
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Figure 2. 3-D motion discrimination. The center depicts the visual display with each of the 25 tested visual field locations marked by a black circle.
The red dot at the center corresponds to the fixation target. Surrounding plots show performance for each cue condition at eight example locations
(Monkey J: orange arrows; Monkey C: purple arrows). Cue conditions: combined cue (black), left-eye perspective (blue), right-eye perspective
(green), and stereoscopic (magenta). Data points show the proportion of “toward” reports for each of the 13 tested motion coherences. Solid curves
are cumulative Gaussian fits. Vertical dashed lines mark 0 motion coherence. Horizontal dashed lines mark chance performance. Biases and
sensitivities are reported in the insets. Performance was more accurate if the bias (i) was closer to 0 and more precise if the sensitivity (o~ ') was
larger. Steeper psychometric curves reflect greater sensitivity. The colored symbols in the top left corners of the plots are used to mark these

examples in Figures 3 and 4.

left- and right-eye perspective cues are indiscriminately
pooled (i.e., a fully dependent representation) such that
a single perspective signal contributes to perception:

@

Here, U—lc is the predicted combined cue sensitivity; ;-
is the single perspective cue sensitivity, which was esti-
mated after pooling the responses to left- and right-eye
perspective cue stimuli; and i is the stereoscopic cue
sensitivity.

196 Journal of Cognitive Neuroscience

Model 2. The “three-cue” model assumed that all three
cues are independently represented:

&)

1
)
opy.

cue sensitivities, respectively.

Here and ﬁ are the left- and right-eye perspective
R

Model 3. The “correlated perspective cues” model as-
sumed that perspective cues and stereoscopic cues are
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independent and that left- and right-eye perspective cue
representations are partially dependent:

1 1 2p

1 ? ? B Oy Opg 1
Sy TR AR 2 )

2
o 1 — p? 0%

The degree of dependency between the left- and right-
eye perspective cue representations is determined by 0 <
p <1 (Orugetal., 2003). Larger values of p indicate greater
dependency. At p = 0, the correlated perspective cues
model reduces to the three-cue model (all cues are inde-
pendently represented). As p approaches 1, the left- and
right-eye perspectives cue representations become fully
dependent. A single value of p was determined separately
for each monkey by fitting Equation 4 to all of the sensi-
tivities measured across the visual field (z = 25 loca-
tions). In a second analysis, we examined whether p
varied systematically across the visual field by separately
fitting p at each visual field location and for each monkey.

Model 4. The “all cues correlated” model assumed de-
pendencies between all three cues and therefore required
three parameters to capture each of the pairwise depen-
dencies. This model did not outperform the correlated
perspective cues model and the equations are extensive
(Orug et al., 2003), so we do not reproduce them. The
values of the three parameters were determined by fitting
the model to all of the sensitivities measured across the
visual field for each monkey (2 = 25 locations).

Generalized Linear Model

Differences in sensitivity across the visual field, control-
ling for cue condition, were tested using the model:

1
—~ 14 sin(0) + cos(O) +E+ N+ N2+ N5 (5)

Here, a visual field location was described by its angular
position (8) and eccentricity (£). Three vectors (N1, N\,
and \3) defined a set of “contrast codes” that specified
the four cue conditions (Judd, McClelland, & Ryan, 2017).

Experimental Controls
Crosstalk Control

Although the crosstalk in our 3-D display was low, we
wanted to test if “ghost images” in the nonstimulated
eye may have affected our measurements of left- and
right-eye perspective cue biases and sensitivities. We
therefore remeasured the performance with the left- and
right-eye perspective cue stimuli with either the left or
right eye shutter physically covered by an opaque patch.
The patched eye was pseudorandomly selected on differ-
ent sessions. Performance was measured at the central vi-
sual field location (fixation, 0° eccentricity). This control
was performed after all main experiment and other control

experiments were completed (Monkey J: 72 = 3314 trials,
n = 5 sessions; Monkey C: n = 6031 trials, 7 = 6 sessions).

Utrocular Control

We additionally wanted to rule out the possibility that
the monkeys performed the task using utrocular informa-
tion (Blake & Cormack, 1979; Smith, 1945). To test this
possibility, we presented appropriate half-images of
stereoscopic cue stimuli at full coherence (i.e., leftward
or rightward translating dots) to a single eye at either
four (Monkey J; eccentricities: 6.8°, 7.2°, 7.5°, and 9.3°)
or three (Monkey C; eccentricities: 0° and two at 7.2°)
locations. Thus, one eye saw 22 dots (11 light, 11 dark)
translating left or right at 4.2°/sec. Both eyes saw the
fixation target. The stimulated eye and direction of motion
were counterbalanced. These utrocular control trials
were interleaved into the main protocol in either seven
(Monkey J: n = 275 trials) or four (Monkey C: 7 = 229
trials) sessions. To avoid training a behavioral response
contingency based on these trials, responses to these
few and infrequently presented stimuli were pseudoran-
domly rewarded.

Stereoscopic Cue Control

For the stereoscopic cue stimuli, it is possible that the
monkeys perceived a conflict between the stereoscopi-
cally defined 3-D motion and absence of perspective-
defined 3-D motion. If a conflict were perceived, it would
be expected to increase with the number of dots and to
cause stereoscopic cue sensitivities to be underesti-
mated. On this basis, it has previously been suggested
that stereoscopic cue sensitivity would decrease as a
function of dot number if a conflict were perceived
(Hillis et al., 2004). We therefore measured stereoscopic
cue sensitivity using 6, 11, 22, 33, and 44 dots with the
same coherences used in the main experiment (except
for six dots, in which case all possible coherences were
shown). Sensitivity was measured at a single visual field
location (Monkey J: 6.8° eccentricity, 7 = 10,692 trials,
n = 9 sessions; Monkey C: 3.2° eccentricity, 7 = 8,695
trials, 7 = 6 sessions).

Vergence Control Analysis

To test if the 3-D directional reports were related to small
vergence eye movements that did not violate the online
vergence window, we calculated the vergence velocity
during each stimulus presentation (Sanada & DeAngelis,
2014) and used multivariate logistic regression to estimate
the effect of vergence on the responses in each session:

P
In
(1 iy

Here, P is the probability of reporting the direction as
“toward,” C is the directionally signed motion coherence,
and V is vergence velocity.

)~1+C+V ©)
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RESULTS
Quantifying 3-D Object Motion Perception

The primate visual system detects 3-D object motion as
a pair of eye-specific 2-D patterns of retinal motion.
Although macaque monkeys are a principal model system
for studying the neural basis of 3-D vision, the cues upon
which they rely to judge 3-D object motion is currently
unknown. We therefore characterized the ability of two
macaque monkeys to discriminate the direction of 3-D
motion from these signals using stimuli that consisted of
a cloud of dots, which moved either toward or away from
the cyclopean eye (Figure 1A). Previous studies showed
that humans perceive 3-D motion from each eyes’ perspec-
tive cues as well as stereoscopic cues (Fulvio et al., 2020;
Thompson et al., 2019). However, that work could not
assess how the cues together shape 3-D motion perception.
To determine the contributions of each of these cues to 3-D
motion perception, we presented stimuli from four cue
conditions in which 3-D motion was signaled by left-eye
perspective cues, right-eye perspective cues, stereoscopic
cues, or all three cues combined (Figure 1B).

The monkeys were trained to report the direction of
3-D motion in a “toward” versus “away” discrimination
task (Methods). A trial was initiated by fixating on a tar-
get presented at the center of the screen for 300 msec
(Figure 1C). A 3-D motion stimulus then appeared within
a 3° circular aperture for 1 sec while fixation was main-
tained on the target. After a variable delay, the fixation target
disappeared, and two choice targets appeared. The direction
of motion was reported by making a saccade to one of the
choice targets (toward = lower target, away = upper tar-
get). A liquid reward was provided for correct responses.

To further assess how perception varied across the visual
field, we presented the stimuli at 25 nonoverlapping
visual field locations (Figure 2, center). The location
was varied across sessions but constant within a session.
Performance was assessed using a motion coherence
paradigm in which the proportion of dots that moved
toward or away from the monkey was varied (Fulvio
et al., 2020; Thompson et al., 2019). At a coherence of
+1, all dots moved toward the monkey. At a coherence of
—1, all dots moved away from the monkey. Psychometric
curves showing the proportion of trials in which the
direction of motion was reported as “toward” as a func-
tion of the directionally signed motion coherence are
shown for each cue condition at eight example visual
field locations in Figure 2.

Biases in 3-D Motion Perception Are Small but
Cue Dependent

As the first step in characterizing the monkeys’ 3-D
motion perception, we evaluated potential systematic
biases in their responses (Figure 2, biases are reported
in the lower right inset for each example location).
Across all cue conditions and visual field locations (z =
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100 per monkey), there was little-to-no bias. A tendency to
report the direction of motion as “toward” or “away” would
result in a negative or positive bias, respectively. The mean
biases were 0.04 = 0.08 SD for Monkey J and 0.02 = 0.11 58D
for Monkey C. Although the biases were small, the mean
bias was significantly different from 0 for Monkey J
(Wilcoxon signed-rank test, p < .001), indicating a slight
tendency to report “away.” The biases were not signifi-
cantly different from 0 for Monkey C (p = .45).

To further test if the biases were cue dependent, we
separately examined the biases for each cue condition
across all visual field locations. For the left-eye perspec-
tive cue stimuli, the mean bias was 0.02 = 0.10 SD for
Monkey J and 0.03 * 0.08 SD for Monkey C (1 = 25).
Neither bias was significantly different from 0 (Wilcoxon
signed-rank test, p = .15), indicating that the perceived
direction of motion based on left-eye perspective cues
was generally accurate. For the right-eye perspective cue
stimuli, the mean bias was 0.04 * 0.10 SD for Monkey J and
not significantly different from 0 (p = .10). The mean
bias for Monkey C was —0.07 = 0.08 SD and significantly
different from 0 (p < .001), indicating a tendency to
report “toward.” However, because the bias was still
relatively small on average (see Figure 2 for visual refer-
ence), the perceived direction of motion based on right-
eye perspective cues was also generally accurate. For the
stereoscopic cue stimuli, the mean bias was 0.05 = 0.06
SD for Monkey J and 0.12 * 0.12 SD for Monkey C. Both
biases were significantly different from 0 (p < .001), in-
dicating that stereoscopic cues were associated with away
biases for both monkeys. These cue-dependent differ-
ences in biases may reflect separate neural processing
of the cues, consistent with reports that some macaque
MT neurons are sensitive to stereomotion (Czuba, Huk,
Cormack, & Kohn, 2014; Sanada & DeAngelis, 2014) but
show little evidence for optic flow selectivity (Nakhla,
Korkian, Krause, & Pack, 2021; Lagae, Maes, Raiguel,
Xiao, & Orban, 1994). Lastly, for the combined cue stim-
uli (which contained perspective and stereoscopic cues),
the mean bias for Monkey J was 0.05 = 0.06 SD and sig-
nificantly different from 0 (p = .001). Notably, this away
bias was not present when the perspective cues were pre-
sented alone and was therefore attributable to the stereo-
scopic cues. The mean combined cue bias for Monkey C
was —0.02 = 0.08 SD and not significantly different from
0 (p = .46). For Monkey C, performance with the com-
bined cue stimuli was therefore consistent with the away
bias for stereoscopic cues being cancelled out by an op-
posite toward bias for right-eye perspective cues and is
suggestive of cue integration.

Sensitivity to 3-D Motion Is Cue Dependent

Having found that the monkeys were generally accurate
in their judgments of 3-D motion direction, we next
needed to assess how their sensitivities depended on the
defining visual cues to assess cue integration (Figure 2,
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sensitivities are reported in the top left inset for each exam-
ple location). To do so, we performed pairwise compari-
sons of the sensitivities between cue conditions. We first
compared the left- and right-eye perspective cue sensitivi-
ties (Figure 3A). Monkey J was significantly more sensitive
to left- than right-eye perspective cues (mean ratio = 1.11;
Wilcoxon signed-rank test, p = .028). Monkey C was in-
stead significantly less sensitive to left- than right-eye per-
spective cues (mean ratio = 0.80, p < .001). Importantly,
because the presented 3-D motion directions were toward
and away from the cyclopean eye, the left- and right-eye
perspective cues were matched in each eye (Methods).
The finding that both monkeys had significantly different
sensitivities to these cues may reflect separate neuronal
processing of left- and right-eye perspective cues to 3-D
motion, which sharply contrasts with previous 3-D orien-
tation perception results, which found that sensitivities to
left- and right-eye perspective cues were indistinguishable
(Chang, Thompson, et al., 2020).

We next compared the stereoscopic and perspective cue
sensitivities (Figure 3B). Monkey J was significantly more
sensitive to stereoscopic cues than the left- or right-eye
perspective cues (mean ratios: 1.18 and 1.29, respectively;
both ps < .01). Monkey C was similarly sensitive to stereo-
scopic and left-eye perspective cues (mean ratio = 0.97,
b = .10), but significantly less sensitive to stereoscopic than
right-eye perspective cues (mean ratio = 0.74, p < .001).
Together with the comparison of left- and right-eye per-
spective cue sensitivities, these results reveal idiosyncratic

differences in relative sensitivity to different 3-D motion
cues, a well-documented feature of human 3-D motion
processing (Fulvio et al., 2020; Thompson et al., 2019;
Allen et al., 2015; Nefs et al., 2010).

We lastly compared the combined cue and single-cue
sensitivities (Figure 3C). For both monkeys, the combined
cue sensitivities were always greater than the single-cue
sensitivities (Wilcoxon signed-rank test, all six ps < 1.2 X
107°). The mean ratios of combined to single-cue sensitivi-
ties were: left-eye perspective (Monkey J: 1.66; Monkey C:
1.96), right-eye perspective (Monkey J: 1.82; Monkey C:
1.50), and stereoscopic (Monkey J: 1.45; Monkey C: 2.11).
Importantly, this finding indicates that regardless of differ-
ences in how much the monkeys relied on each of the
available 3-D motion cues, the cues were nevertheless
integrated to achieve more precise 3-D motion percep-
tion. We systematically evaluate how the cues were inte-
grated in the final section.

A Foveal Advantage in 3-D Motion Sensitivity

Previous studies with humans found that 3-D motion
sensitivity varies across the visual field in idiosyncratic
ways (Thompson et al., 2019; Barendregt, Dumoulin, &
Rokers, 2014, 2016). We therefore wanted to evaluate if
similar variability was observed for the two monkeys.
First, we quantified how sensitivity depended on eccentric-
ity, using a generalized linear model (GLM; Equation 5,
omitting the cosine and sine covariates) to control for cue

Figure 3. Sensitivity to 3-D
motion is cue dependent. Each
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condition (Figure 4A). Sensitivity significantly decreased
with eccentricity for both monkeys, indicating a foveal ad-
vantage (Monkey J: b = —0.15, F(1, 95) = 76.18, p < .001;
Monkey C: b = —0.11, F(1, 95) = 65.34, p < .001).
Moreover, the interaction between eccentricity and cue
condition was not statistically significant for either monkey,
indicating that the reduction in sensitivity with greater
eccentricity was similar for perspective, stereoscopic, and
combined cue stimuli (ANCOVA; Monkey J: F(3, 92) =
2.42, p = .071; Monkey C: F(3, 92) = 0.82, p = .49). To
more thoroughly visualize how sensitivity varied across
the visual field, we removed the cue-dependent differences
in sensitivity by separately z-scoring the sensitivities for
each cue condition across all visual field locations. We then
averaged the z-scored sensitivities across the four cue con-
ditions at each location and used spline interpolation to
generate sensitivity heat maps across the visual field
(Figure 4B).

The sensitivity heat maps highlighted the falloff in
sensitivity with eccentricity for both monkeys and further
suggested that the decrease might not be isotropic for
Monkey J. To test if the sensitivities (not z-scored) de-
pended on the angular position of the stimulus, we included
the cosine and sine components of the polar angle as
covariates in the GLM (Equation 5; Fisher, Lewis, &
Embleton, 1987). The cosine component reflects variability
in sensitivity along the horizontal axis and was not significant
for either monkey (Monkey J: b = —0.02, F(1, 93) = 0.15,
p =.70; Monkey C: b = 0.05, F(1,93) = 1.03,p = .31). Thus,
sensitivity was similar to the left and right of fixation. The
sine component reflects variability in sensitivity along the
vertical axis. We found that this component was signifi-
cant for Monkey J (b = 0.14, F(1, 93) = 5.85, p = .017),

but not Monkey C (b = —0.05, F(1, 93) = 1.06, p = 31).
The positive regression weight for Monkey J indicates
that performance was better in the upper visual field than
the lower visual field, as seen in the z-scored sensitivity plot
(Figure 4B, left). To further test if the upper/lower visual
field sensitivity difference in Monkey J was cue dependent,
we repeated this analysis separately for each cue condi-
tion. The effect was most prevalent for the stereoscopic
cues (b = 0.27, F(1, 21) = 0.85, p = .035). None of the
other cue conditions were statistically significant, but the
p value in the combined cue condition approached signif-
icance (p = .074) whereas the left- and right-eye perspec-
tive cue p values did not (both ps = .88). Thus, the
anisotropy in sensitivity across the visual field in Monkey
J was most attributable to stereoscopic cues. These anal-
yses thus reveal a foveal advantage in 3-D motion sensi-
tivity for both perspective and stereoscopic cues, have
some similarities to human data showing idiosyncratic
differences in how 3-D motion sensitivity varies across
the visual field, and further demonstrate a dissociation
of perspective and stereoscopic cue sensitivities.

Experimental Controls

Before systematically evaluating how the monkeys per-
ceptually integrated the 3-D motion cues, we wanted to
rule out several potential confounds. First, we wanted
to verify that crosstalk in the 3-D display did not gen-
erate “ghost images” of the left- or right-eye stimuli in the
nonstimulated eye that could be used to perform
the task. To test this, we assessed performance for the
left- and right-eye perspective cue stimuli with either the
left or right eye’s shutter covered with an opaque patch

Figure 4. Sensitivity to 3-D

motion varies across the visual
field. (A) Sensitivity at each
tested visual field location
(points) plotted as a function
of eccentricity for each cue
condition (colors) and fit with
a GLM (solid colored lines).
Opaque symbols correspond
to the examples in Figure 2.
(B) Heat maps showing
z-scored sensitivities across
the visual field (averaged over
cue conditions and spline
interpolated). Yellow hues
indicate greater sensitivity.
Dashed lines mark the
horizontal and vertical
meridians, their intersection
marks the point of fixation.
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(the patched eye was varied across sessions; Methods).
Performance during these control sessions is shown in
Figure 5. Importantly, when the stimuli were presented
to the patched eye, the psychometric data were conspic-
uously flat. Indeed, for all four data sets (2 monkeys X
2 patched eyes) in which 3-D motion was presented to
the patched eye, the fitted psychometric function pa-
rameters had implausibly large biases (all four <
—1.14, whereas —1 is the smallest possible coherence)
and very low sensitivities that were smaller than any
measured in the main experiment (all four < 0.35).
Furthermore, none of the correlations between the data
and fits were significant (all four p = .07). These find-
ings thus indicate that if any ghost images were detect-
able by the nonpatched eye, then they were insufficient to
perform the task.

Second, we wanted to confirm that the monkeys did
not use utrocular information (i.e., knowledge of which
eye was stimulated) to discriminate the direction of 3-D
motion using a simple heuristic. To clarify the concern,
note that if they could discern which eye was stimulated
by which 2-D pattern of retinal motion, then the task
could be performed using a contingency table (e.g., “look
down if the right eye sees net leftward motion”). To test
this, we interleaved “utrocular control trials” into a small
subset of the main experiments (Methods). These trials
consisted of appropriate half-images of the stereoscopic
cue stimuli (full coherence) that were presented to the
left or right eye only. Importantly, neither monkey per-
formed above chance on these trials (Binomial test;
Monkey J: p = .72, n = 275 trials; Monkey C: p = .091,
n = 229 trials). This result suggests that the monkeys did
not use a utrocular heuristic to discriminate the direction
of 3-D motion.

Third, we considered the possibility that sensitivity to
the stereoscopic cue stimuli was underestimated because
of a potential cue conflict between the stereoscopically
defined 3-D motion and absence of perspective-defined
3-D motion. If a conflict were perceived, it would in-
crease with the number of dots defining the stimulus
and would appear as a decrease in sensitivity with
increasing dot number (Hillis et al., 2004). We therefore
performed a dot number control experiment in which
sensitivity was measured using stereoscopic cue stimuli
defined by 6, 11, 22, 33, or 44 dots (Methods). For
Monkey J, we found a small positive (importantly, not
negative) effect of dot number on sensitivity (b = 0.0006,
F(1,41) = 4.57, p = .039), consistent with an increase in
visual signal strength. For Monkey C, sensitivity did not
significantly depend on the number of dots (b = —0.001,
F(1, 28) = 0.08, p = .77). These results thus suggest that
stereoscopic cue sensitivity was not affected by this po-
tential cue conflict, consistent with recent 3-D orientation
perception data (Chang, Thompson, et al., 2020).

Lastly, we wanted to rule out the possibility that per-
ception was significantly affected by vergence eye move-
ments. Following a previous study (Sanada & DeAngelis,
2014), we compared the vergence velocities during to-
ward and away motions in the stereoscopic cue condi-
tion. For each session, we performed an ANOVA and
found that significant differences between the toward
and away vergence velocities were relatively rare
(Monkey J: 10%; Monkey C: 6%). More critically, the di-
rection of the vergence eye movements was not consis-
tently related to the direction of stimulus motion, and the
across-trial average difference between toward and away
vergence velocities was very small (Monkey J: 0.004°/s;
Monkey C: 0.006°/sec) compared with the 2° disparity

Figure 5. Crosstalk control.
The left margin shows
schematics of the viewing
conditions (left or right eye
patched) along with screen
projected vector fields for the
left- and right-eye perspective
cue stimuli (following Figure 1).
The four subplots to the

right (plotted as in Figure 2)
show the perspective cue
performance for each monkey
(columns) with either the left
(top row) or right (bottom row)
eye patched. Solid curves are
cumulative Gaussian fits to

the unpatched eye data. The
patched-eye fits could not

be significantly fit with a
cumulative Gaussian.
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volume. We also used multivariate logistic regression to
estimate the effect of vergence on the directional reports
(Methods). For both monkeys and all main experiment
sessions, we found that the directionally signed motion
coherence was a significant predictor of the reported mo-
tion direction when vergence velocity was not included
as a covariate (all ps < 1.88 X 10~ °). Importantly, when
vergence velocity was included as a covariate, it was sig-
nificantly related to the directional reports in only a mi-
nority of the sessions (Monkey J: 5.7%; Monkey C: 11.3%)
and never affected the significance of the main effect of
coherence. Together, these results suggest that the ver-
gence eye movements were well controlled and had a
negligible impact on perception.

Separate Contributions of Left- and Right-eye
Perspective Cues to 3-D Motion Perception

The combined cue sensitivities were always larger than
the single-cue sensitivities (Figure 3C), implying that the
monkeys perceptually integrated the cues. We therefore
wanted to determine how the left-eye perspective, right-
eye perspective, and stereoscopic cues contributed to
3-D motion perception. To do so, we compared the
observed combined cue sensitivities to predicted sensi-
tivities from four cue integration models that reflect dif-
ferent physiologically plausible scenarios for how the
cues might be represented and combined (Chang,
Thompson, et al., 2020; Fulvio et al., 2020; Oruc et al.,
2003). To visualize how well the models explained the
observed sensitivities, we normalized each model predic-
tion by the corresponding observed combined cue sensi-
tivity (i.e., predicted/observed sensitivity ratios were
calculated) and averaged over all visual field locations.
Statistics were directly performed using the observed
and predicted sensitivities.

The first model assumed that 3-D motion perception
relies on independent perspective and stereoscopic cue
representations, and that left- and right-eye perspective
cues are indiscriminately pooled into a single fully depen-
dent representation of perspective information (Chang,
Thompson, et al., 2020; Fulvio et al., 2020; Oruc et al.,
2003). We therefore refer to this model as the “two-
cue” model (Equation 2) and estimated the pooled per-
spective cue sensitivity by fitting a cumulative Gaussian
to the responses to all of the perspective cue trials re-
gardless of the stimulated eye. We tested this model first
because it accounts well for the integration of perspec-
tive and stereoscopic cues for 3-D orientation perception
in both humans (Hillis et al., 2004; Knill & Saunders,
2003) and monkeys (Chang, Thompson, et al., 2020),
and its ability to account for 3-D motion perception is
unclear (Fulvio et al., 2020). In sharp contrast to previous
3-D orientation perception results, we found that the
model systematically underestimated both monkeys’ 3-D
motion sensitivities (Figure 6; compare bar 1: observed
combined cue sensitivity and bar 2: two-cue predicted
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sensitivity). The mean ratio of predicted to observed sen-
sitivities was 0.92 for Monkey J and 0.77 for Monkey C. For
both monkeys, the predicted and observed sensitivities
were significantly different (Wilcoxon signed-rank test;
both ps < 6.6 X 10_4). We also considered a variation of
the two-cue model in which only the larger of the left- and
right-eye perspective cue sensitivities contributed to com-
bined cue perception (as might occur if perspective sig-
nals from the two eyes competed in a winner-take-all
circuit). This version of the model also significantly under-
estimated both monkeys’ sensitivities (both ps < .032).
These results thus imply that both left- and right-eye per-
spective cues were utilized to estimate the direction of 3-D
motion and that their representations were not fully
dependent.

The second model assumed that left-eye perspective,
right-eye perspective, and stereoscopic cues make fully
independent contributions to 3-D motion perception.
We therefore refer to this model as the “three-cue” model
(Equation 3). Whereas the two-cue model sets a lower
bound on combined cue sensitivity based on maximum
likelihood estimation, the three-cue model sets an upper
bound (Chang, Thompson, et al., 2020; Fulvio et al., 2020).
We found that this model systematically overestimated the
combined cue sensitivity of Monkey J but accurately
predicted the sensitivity of Monkey C (Figure 6; compare
bar 1: observed sensitivity and bar 3: three-cue predicted
sensitivity). For Monkey J, the mean ratio of the predicted
to observed sensitivities was 1.10, and the sensitivities
were significantly different (Wilcoxon signed-rank test,
p < .001). For Monkey C, the mean ratio was 1.01, and
the sensitivities were not significantly different (p =
.82). Together with the two-cue model, these results imply
that left- and right-eye perspective cues make at least par-
tially separate contributions to 3-D motion perception and
that the degree of dependency differs across individuals.
Importantly, this demonstrates that 3-D motion process-
ing makes more effective use of available sensory signals
than has been observed for 3-D orientation processing.

We therefore wanted to assess the degree of depen-
dency between the representations of left- and right-
eye perspective cues for each monkey. To do so, we
implemented a third model, which assumed that per-
spective and stereoscopic cues are independent but that
left- and right-eye perspective cue representations are
partially dependent. The degree of dependency is deter-
mined by a correlation parameter, p (Equation 4; Orug
et al., 2003). We therefore refer to this model as the “cor-
related perspective cues” model and fit a single value of p
for each monkey using the sensitivities measured across
all 25 visual field locations. The combined cue sensitivi-
ties of Monkey J were best accounted for by p = 0.36,
indicating a moderate degree of dependency. In contrast,
the combined cue sensitivities of Monkey C were best ac-
counted for by p = 0.04, indicating that the left- and
right-eye perspective cue representations were nearly in-
dependent, consistent with the accurate prediction of the
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Figure 6. Comparison of
observed combined cue
sensitivities and predictions

of the four cue integration
models. Schematics (top)
illustrate how each model
combines the reliabilities
(squared sensitivities) of the
left-eye perspective (7p,),
right-eye perspective (7p,), and
stereoscopic cues (7). Bar plots
(bottom) show sensitivities
normalized by the observed
combined cue sensitivities and
averaged over visual field
locations for Monkeys J (left)
and C (right). Error bars show
standard errors of the mean.
Black brackets indicate models
whose predictions significantly
differed from the observed
combined cue sensitivities
(Wilcoxon signed-rank test,

p < .05). Bar 1 (black):
Observed combined cue
sensitivity (normalized to one
for each visual field location).
Bar 2 (red): The two-cue model
assumed left- and right-eye
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indiscriminately pooled (rp, ) and integrated with an independent stereoscopic cue representation. This model underpredicted the combined cue
sensitivities of both monkeys. Bar 3 (blue): The three-cue model assumed that all three cues provided independent estimates of 3-D motion. This
model overpredicted the combined cue sensitivity of Monkey J but accurately predicted the combined cue sensitivity of Monkey C. Bar 4 (green):
The correlated perspective cues model assumed that left- and right-eye perspective cue representations were partially dependent (pp, ) and
integrated with an independent stereoscopic cue representation. This model accurately predicted the combined cue sensitivities of both monkeys.
Bar 5 (purple): The all cues correlated model assumed that all three cues were partially dependent on one another (with three pairwise p
parameters). This elaborate model did not outperform the correlated perspective cues model.

three-cue model. The finding that p differed between the
monkeys is consistent with individual differences in the
dependency of linear perspective and texture gradient
cues for slant perception in humans (Orug et al., 2003).
Moreover, the difference in p values could not be ex-
plained by a difference in the magnitude of left- versus
right-eye perspective cue sensitivities, because these
were not significantly different for the two monkeys
(Wilcoxon signed-rank test, p = .35). The sensitivities
predicted by this model were highly consistent with the
combined cue sensitivities of both monkeys (Figure 6;
compare bar 1: observed sensitivity and bar 4: correlated
perspective cues predicted sensitivity). The mean ratio of
the predicted to observed sensitivities was 1.02 for
Monkey J and 1.0 for Monkey C. For both monkeys,
the predicted and observed sensitivities were not signifi-
cantly different (Wilcoxon signed-rank test, p = .51).
Thus, this result shows that the combined cue 3-D mo-
tion sensitivities of both monkeys could be explained
by a single model in which perspective and stereoscopic
cue representations are independent and left- and right-
eye perspective cue representations range between par-
tially dependent and nearly independent.

We also considered that the dependency between the
left- and right-eye perspective cues might systematically

depend on the location within the visual field (e.g., it
might change with eccentricity). Because the correlated
perspective cues model flexibly captures the degree of
(in)dependence between the left- and right-eye perspec-
tive cue representations, this possibility can be tested by
examining if p varies systematically across the visual field.
For each monkey, we therefore fit p at each of the 25
visual field locations and used a general linear mixed
effects model to test for dependencies on eccentricity
and angular position (treating monkey as a random ef-
fect). Importantly, we found that p did not significantly
depend on eccentricity (b = —0.02, F(1, 46) = 0.77,
b = .39), the horizontal (cosine) component of the angu-
lar position (b = 0.06, F(1, 46) = 93, p = .34), or the
vertical (sine) component of the angular position (b =
0.02, F(1, 21) = 0.13, p = .72). Thus, we found no indi-
cation that the dependency between left- and right-eye
perspective cues systematically varied across the visual
field.

Together, the above findings also rule out that the left-
and right-eye perspective cues rivaled, such that perspec-
tive information from only one eye was represented at a
time. If they had rivaled, then the overall contribution of
perspective cues to combined cue perception would
have been a linear combination of the left- and right-
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eye sensitivities weighted by their relative dominance. In
that case, the overall contribution of perspective cues to
perception would have been intermediate to the individ-
ual sensitivities. Instead, the overall contribution was
greater than either of the individual sensitivities.

We lastly considered the possibility that a more elabo-
rate model might better account for the monkeys’ com-
bined cue sensitivities. To test this, we implemented a
model in which all of the 3-D motion cues are at least
partially dependent upon one another. This model there-
fore included all possible pairwise correlations between
the single cues, and we refer to it as the “all cues corre-
lated” model (Orug et al., 2003). Despite having two
more free parameters than the correlated perspective cues
model, the two models performed similarly (Figure 6;
compare bar 4: correlated perspective cues and bar 5: all
cues correlated).

To determine which single model provided the most
parsimonious account of the data, we performed model
comparisons using Akaike’s information criterion (AIC).
For each model, we computed an Akaike weight (a nor-
malization of all of the models’ AIC values such that they
sum to 1; Burnham & Anderson, 2010). Larger values in-
dicate greater model support. The largest AIC weight was
for the correlated perspective cues model (0.79), which
outperformed the all cues correlated model (0.16), the
three-cue model (0.05), and the two-cue model (1.5 X
107°). Thus, 3-D motion perception was best described
by a model in which 3-D motion estimates were indepen-
dently computed from stereoscopic and perspective
cues, and left- and right-eye perspective cues made at
least partially independent contributions to perception.
This finding contrasts sharply with previous human and
monkey 3-D orientation perception results (Chang,
Thompson, et al., 2020; Thompson et al., 2019; Hillis
et al., 2004; Knill & Saunders, 2003), which were best de-
scribed by the two-cue model. The current findings thus
reveal a core difference in how perspective signals de-
tected by the left and right eyes are combined for 3-D
orientation versus 3-D motion perception, such that mo-
tion processing makes more effective use of available
sensory information.

DISCUSSION

We investigated the contributions of left-eye perspective,
right-eye perspective, and stereoscopic cues to 3-D mo-
tion perception in macaque monkeys. Consistent with
previous human data, we observed idiosyncratic differ-
ences in 3-D motion cue sensitivity. These idiosyncrasies
may reflect that estimating 3-D motion from 2-D retinal
signals is an ill-posed problem with multiple potential
solution strategies. As such, visual experience and physi-
ological differences (e.g., in binocular integration) may
result in individuals developing different relative sensitiv-
ities to the available cues. Importantly, despite such idio-
syncracies, both monkeys perceptually integrated the
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cues to achieve more precise 3-D motion perception.
Most importantly, we investigated a fundamental yet
largely neglected question: How is the perspective infor-
mation sensed by each eye integrated with stereoscopic
information to achieve robust 3-D perception? To assess
this, we tested four physiologically plausible cue integra-
tion models which differed in the extent to which the
representations of each of the cues were dependent upon
one another.

Model comparisons revealed that perception was best
explained if 3-D motion estimates were independently
computed from perspective and stereoscopic cues, and
the representations of left- and right-eye perspective cues
were at least partially independent. This finding implies
that the identity of left- and right-eye perspective signals
is preserved in the neuronal processing of 3-D motion,
whereas it is not for 3-D orientation processing (Chang,
Thompson, et al., 2020; Hillis et al., 2004; Knill &
Saunders, 2003). By not preserving the ocular identity
of perspective signals to 3-D orientation, substantial in-
formation loss occurs resulting in poorer sensitivity. In
contrast, 3-D motion processing preserves ocular identity
at least partially, mitigating that information loss.
Intriguingly though, control experiments revealed that
the ocular origins of the two perspective signals did not
extend to the perceptual level because the monkeys did
not use utrocular (eye-of-origin) information to perform
the task. These findings thus suggest that 3-D motion
perception reflects neuronal activity at or after the level
of cue integration.

Together with previous 3-D orientation studies, the
current results revealed an important parallel in the pro-
cessing of different 3-D features. Across domains, sensi-
tivity to combined cue stimuli is consistent with the
integration of independently represented perspective
and stereoscopic cues. This is supported by our finding
that stereoscopic cues, but not perspective cues, were
consistently associated with away biases that were either
abolished or preserved in the combined cue responses
depending on the monkeys’ perspective cue biases.
Likewise, an anisotropy in Monkey ]J’s sensitivity across
the visual field was linked to stereoscopic cues but not
perspective cues. These results may reflect that distinct
computations are required to estimate 3-D information
from perspective and stereoscopic cues and that those
computations are performed before cue integration.

Where might these computations be performed for 3-D
motion processing? Recordings from macaque monkeys
suggest that some MT neurons may be selective for 3-D
motion based on stereoscopic cues (Czuba et al., 2014;
Sanada & DeAngelis, 2014) but not optic flow (Nakhla
et al., 2021; Lagae et al., 1994). However, another study
concluded that MT neurons are not genuinely selective
for motion in depth (Maunsell & Van Essen, 1983), and
neuroimaging results suggest that the fundus of the STS
(FST), more than MT, processes stereomotion (Héjja-
Brichard, Rima, Rapha, Durand, & Cottereau, 2020).
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Numerous studies implicate the medial superior temporal
areas (MSTd and MSTI/v; Sasaki, Angelaki, & DeAngelis,
2019; Dufty, 1998; Eifuku & Wurtz, 1998; Tanaka, Sugita,
Moriya, & Saito, 1993) and ventral intraparietal area (VIP;
Sunkara, DeAngelis, & Angelaki, 2015, 2016; Maciokas &
Britten, 2010) in 3-D motion processing based on perspec-
tive cues and likely stereoscopic cues. A recent study sug-
gests that self- and object-motion signals (from MSTd and
MSTIw, respectively) likely converge in VIP to estimate
object motion in world coordinates (Sasaki, Anzai,
Angelaki, & DeAngelis, 2020). In each of these areas, it will
be important to test if selectivity for perspective cues
depends on the stimulated eye. If the representation of
toward/away motion is cue invariant, then depending on
which eye is stimulated, neurons should respond best to
optic flow patterns with opposite net 2-D motion directions,
consistent with previous theoretical work (Sabatini & Solari,
2004; Poggio & Talbot, 1981). Indeed, some FST neurons
respond similarly to opposite 2-D motion directions
(Rosenberg, Wallisch, & Bradley, 2008) and may therefore
have the requisite input to compute 3-D object motion.

The current results also revealed a fundamental differ-
ence in the representation of left- and right-eye perspec-
tive cues across 3-D feature domains. For 3-D orientation,
sensitivity to combined cue stimuli is consistent with the
two perspective signals being indiscriminately pooled. In
contrast, for 3-D motion, the current findings suggest
that the signals remain at least partially separate until
the stage of cue integration, as recently hinted at by pre-
liminary human data (Fulvio et al., 2020). Supporting this
possibility, our within-animal comparisons revealed dif-
ferences in sensitivity to balanced left- and right-eye per-
spective cues. Those differences could reflect neural
and/or optical factors (Elliott et al., 2009), but regardless
of their origin, the finding that cue integration yields
greater increases in sensitivity for 3-D motion than orien-
tation implies a difference in how perspective cues are
represented across these feature domains. This previously
unrecognized difference, which results in more effective
use of available sensory information for 3-D motion than
orientation processing, may reflect evolutionary pressures
associated with avoiding and intercepting moving objects.
It further highlights that, even within the same sensory
modality, differences can exist in the implementation of
fundamental computations such as cue integration and
show that previously identified information-limiting
processes may not be a general property of cue integra-
tion when the same cue type is detected by multiple cor-
responding sensors, such as the left and right eyes, ears,
or hands.

Our findings revealed more effective processing of 3-D
motion than previously found for 3-D orientation. But
where might neural correlates of this difference be found?
Existing data suggest that these features are processed
by parallel streams, with a V3A => posterior intraparietal
area => caudal intraparietal area pathway for 3-D orienta-
tion processing (Chang, Doudlah, et al., 2020; Elmore,

Rosenberg, DeAngelis, & Angelaki, 2019; Alizadeh, Van
Dromme, Verhoef, & Janssen, 2018; Van Dromme, Premereur,
Verhoef, Vanduffel, & Janssen, 2016; Rosenberg et al.,
2013; Nakamura et al., 2001) and a MT => MST/FST =
VIP pathway for 3-D motion processing. What neurocom-
putational differences between these pathways might
explain the feature-dependent differences in cue integra-
tion? Simulations show that the strength of divisive
normalization at the level of units combining left- and
right-eye perspective cues can produce a range of depen-
dencies between the two cues (Chang, Thompson, et al.,
2020). Specifically, weaker divisive normalization would
make the two perspective signals more independent.
Thus, in the integration of the two eyes’ perspective cues,
divisive normalization may be weaker in the 3-D motion
than the 3-D orientation pathway. This hypothesis can
be tested using binocularly decorrelated random dot
stimuli, which maintain each eyes’ perspective cues. A
key prediction is that monocular and binocular stimula-
tion will produce similar responses from neurons pro-
cessing 3-D orientation (Chang, Thompson, et al., 2020),
but binocular facilitation (beyond a component attribut-
able to interocular velocity differences) for neurons pro-
cessing 3-D motion. Moreover, given that the degree of
dependency between left- and right-eye perspective cues
differed across monkeys, we anticipate that individual
differences in the strength of divisive normalization
within the motion pathway will covary with behavioral
performance.

Consistent with “foveal advantages” for 2-D motion dis-
crimination (Bower, Bian, & Andersen, 2012; Orban, Van
Calenbergh, De Bruyn, & Maes, 1985), self-motion percep-
tion (Crowell & Banks, 1993; Warren & Kurtz, 1992), and
time-to-contact estimation (Regan & Vincent, 1995), we
found that 3-D motion sensitivity decreased with eccentric-
ity. These findings may partially stem from eccentricity-
dependent decreases in 2-D direction selectivity in visual
cortex (Orban, Kennedy, & Bullier, 1986). However, sensi-
tivity to 3-D motion across the visual field is also idiosyn-
cratic (Thompson et al., 2019; Barendregt et al., 2014,
2016). Here, the stimulus parameters (e.g., dot size) were
independent of the visual field location, and not surpris-
ingly, sensitivity decreased as eccentricity increased.
Future studies can compare the eccentricity dependence
of 2-D and 3-D motion sensitivity on these parameters to
test if the foveal advantage in 3-D motion sensitivity can
be fully explained by lower level 2-D motion sensitivity. It
would also be worthwhile to test if variability in 3-D mo-
tion sensitivity across the visual field has any relationship
to the natural scene statistics of 3-D object motion.

Lastly, differences in 3-D orientation and motion pro-
cessing likely constrain 3-D feature binding and limit per-
formance when both features are behaviorally relevant.
For example, to catch an object such as a frisbee, it is
necessary to estimate its direction of motion and its orien-
tation. We are unaware of a systematic analysis of the
relative contributions of these factors to performance in
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interception tasks, but it seems plausible that errors have
more to do to with the grasp configuration (an orientation
computation) than with the hand intercepting the object
(a motion computation), especially because observers are
generally accurate at estimating 3-D motion direction
(Fulvio, Rosen, & Rokers, 2015). As such, it will be impor-
tant to assess how performance on tasks requiring both
3-D orientation and 3-D motion information is constrained
by the processing of each of these features.
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Diversity in Citation Practices

A retrospective analysis of the citations in every article
published in this journal from 2010 to 2020 has revealed a
persistent pattern of gender imbalance: Although the pro-
portions of authorship teams (categorized by estimated
gender identification of first author/last author) publishing
in the Journal of Cognitive Neuroscience (JoCN) during
this period were M(an)/M = .408, W(oman)/M = .335,
M/W = .108, and W/W = .149, the comparable proportions
for the articles that these authorship teams cited were
M/M = 579, W/M = 243, M/W = .102, and W/W = .076
(Fulvio et al., JoCN, 33:1, pp. 3-7). Consequently, JoCN
encourages all authors to consider gender balance explic-
itly when selecting which articles to cite and gives them the
opportunity to report their article’s gender citation bal-
ance. The authors of this article report its proportions of
citations by gender category to be as follows: M/M = .744,
W/M = .116, M/W = .070, and W/W = .070.
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